Although methylation has been recognized as an important component in a number of developmental processes in mammals, in zebrafish almost nothing is known about this epigenetic modification. This is despite the fact that the zebrafish is becoming increasingly popular as a developmental model system. The little work that has been done on methylation and development in fish concerns genomic imprinting. In mammals, imprinting results in an inability to reproduce parthenogenetically because a genetic contribution from both parents is necessary to successfully complete development. However, this is not true of zebrafish, and a number of the theories that have been presented to explain the evolution of imprinting are not consistent with imprinting in these fish. A new model is presented that discusses some of the potential evolutionary ramifications of methylation and imprinting and that leads to the suggestion that imprinting may actually be a simple genetic mechanism to enhance the efficient evolution of both individual genetic loci and combinations of loci with related functions, without risking the population as a whole. This model can accommodate all of the information known about imprinting, including its broad phylogenetic range, imprinting by both males and females, and the diverse nature of the genes that are known to be imprinted.
Introduction
The epigenetic modification of genomic DNA by the addition of a methyl group to the 5′ position of cytosine is a common characteristic of organisms with relatively large and complex genomes (Bestor 1990 ). This DNA methylation has been extensively examined in mammals and it is thought to play a crucial role in a number of important mammalian developmental processes, including such things as X-chromosome inactivation and the more general silencing of specific genetic loci during the determination and differentiation of cells (Riggs and Pfeifer 1992; Cedar 1988) . It has also become clear that methylation is involved in genomic imprinting (Efstratidas 1994; Reik and Allen 1994) . This is an unusual example of gene silencing in which there is parent-of-origin specific, monoallelic expression of some genetic loci. This is a particularly interesting function of methylation because of the importance of genomic imprinting to mammalian reproduction and development and to the inheritance or severity of a large number of complex human diseases.
The zebrafish, Danio rerio, is becoming increasingly popular as a model system for the analysis of vertebrate development because of the many advantages offered by its mode of development. External fertilization and development, large reproductive potential, and optically clear embryos give the zebrafish a number of distinct advantages over other organisms, such as the mouse, as an exploitable experimental system for the study of developmental processes. Also, its increasing popularity for developmental biologists means that it is quickly becoming genetically well defined and all of the techniques that have been used so effectively with mice, such as the production of transgenics and the isolation of pluripotential embryonic stem cells, are also being perfected for use with zebrafish.
However, despite its emerging role as a developmental model system, there are a number of serious gaps in our understanding of the basics of how development occurs in the these fish. One of the more significant of these gaps is the place of methylation in the development of the zebrafish embryo. Its relevance to developmental gene regulation, chromsomal silencing, and genomic imprinting is unknown.
In mammals, a large amount of information has accumulated concerning DNA methylation, as well as the enzyme responsible, DNA (cytosine 5)-methyltransferease. Methylation of mammalian genomic DNA is associated with gene inactivation, particularly when that methylation is found within the promoter region of a gene. Methylation patterns have also been found to be stable through cell division, suggesting that, once established, the methylation pattern within the genome can be faithfully maintained. However, we still do not know whether or not methylation is the primary effector controlling gene expression, and its true biological role remains unknown (Holiday and Pugh 1975; Riggs 1975; Bestor 1990 ). Nonetheless, methylation is clearly a critical component of mammalian development, as shown by the fact that mice that lack the gene for DNA methyltransferase display a lethal phenotype and die midway through gestation (Li et al. 1992) . These studies also demonstrated the association between methylation and genomic imprinting, as there were also changes in the expression levels of imprinted genes in these knockout mouse embryos (Li et al. 1993) . Even murine cells in culture are affected by the loss of significant amounts of methylation (Li et al. 1992) . Although embryonic stem cells themselves can survive with decreased methylation, they die upon differentiation. The lack of functional methyltransferase protein has also been shown to significantly affect Arabidopsis thaliana. Though demethylation did not kill the organism its growth properties were severely altered (Ronemus et al. 1996) .
Methylation and genomic imprinting in zebrafish
Unlike the situation in mammals there is almost nothing known about methylation in the zebrafish, although there is some interest in it as a result of the difficulty in getting transgene sequences expressed in zebrafish. Virtually the only information in the literature concerning this important area of developmental research on these fish is our own work on the effect of parental origin on the methylation of a transgene locus McGowan 1995a, 1995b) . However, even that information, which concerns only one of the possible roles of methylation in zebrafish, demonstrates how the study of methylation in this developmental model organism may increase our understanding of the role of methylation in other organisms. We examined the inheritance of a transgene locus in the zebrafish and demonstrated that its methylation was affected by the sex of the parent contributing the allele. This parent-oforigin effect on the zebrafish transgene appears to be identical to imprinting in mammals except that in zebrafish the passage of the locus through a female tended to decrease its methylation whereas passage through a male increased it.
The identification of a parent-of-origin specific effect on the methylation of a transgene in fish that is extremely similar to the process of genomic imprinting in mammals suggests that genomic imprinting also exists in zebrafish. The conservation of this process, at least amongst vertebrates, implies that this process also plays an important biological role in organisms other than mammals. What that role may be is not yet clear but our demonstration of an imprinting-like process in the zebrafish is very important in this context. The zebrafish has external fertilization and development and may even have a different sex determination system (Nanda et al. 1993 ) than the mouse. The potential existence of imprinting in zebrafish should allow for comparisons between mice and zebrafish to more precisely define the truly relevant aspects of the process. It also requires that we reexamine our assumptions about imprinting that are based primarily on results obtained in mammals.
Evolutionary significance of imprinting in zebrafish
Most work concerning genomic imprinting has used mammals as the model organism. In that system, the existence of imprinting results in an absolute requirement for a genetic contribution from both sexes for development to proceed normally and for viable offspring to be produced. The possibility that genomic imprinting exists in the zebrafish poses a problem in this context because 10-20% of gynogenetic zebrafish do develop to reproduce (Westerfield 1990) . Corley-Smith et al. (1996) recently demonstrated that it is also possible to make androgenetic zebrafish, although these fish are developmentally delayed and few survive to maturity. Although technical problems may be involved, the low survival rates of androgenetic and gynogenetic fish suggest that imprinting may still be having a seriously detrimental effect. However, it is clearly not as absolute as that observed in mammals, and this argues that the primary role of imprinting is not to produce obligate sexual reproduction. The possible existence of imprinting in zebrafish is also inconsistent with a number of the other theories that have been put forth to explain what evolutionary forces may have given rise to imprinting. Haig and Westoby (1989) proposed that genomic imprinting may be a form of male-female competition for maternal input into the offspring. Although these ideas originated from work with angiosperms to explain parentspecific gene expression in the endosperm, they were later applied to mammals (Moore and Haig 1991) . This theory suggests that the male parent imprints in such a way as to enhance trophectodermal development and thereby increase the amount of maternal investment in his offspring. This, though, would affect the female's future reproductive success and she would, therefore, imprint in such a way as to reverse this. However, this theory becomes less tenable if imprinting is acting in fish. Since fertilization and development are external in zebrafish and the maternal contribution cannot be increased after egg release, imprinting by the male cannot further increase the maternal contribution. Therefore, male-female competition at the level of maternal input into offspring becomes a much less parsimonious explanation for the evolution of imprinting. Varmuza and Mann (1994) have suggested that imprinting in mammals may be a means of protecting the female from ovarian germ cell tumors. Because of imprinting, unfertilized germ cells in mammals are inviable and, therefore, parthenogenetically activated oocytes would e incapable of implanting and growing. This idea is not generally accepted even for mammals (see Trends in Genetics. Vol. 10. 1994) , but the lack of implantation in the zebrafish gives further proof that this theory does not provide an adequate explanation for imprinting.
In fact, few if any of the existing theories on the evolution of imprinting explain all of the data or fulfill all of the criteria necessary to satisfactorily explain the evolution of imprinting. It is clear from our present understanding of imprinting that a hypothesis about the evolutionary basis and advantages of genomic imprinting must take into consideration a number of points, including a phylogenetic distribution that includes animals at least as diverse as humans and zebrafish.
Imprinting and genetic variation, a hypothesis
Regardless of its biological role, the fact that imprinting exists means that a diploid individual within an imprinting population would actually be functionally hemizygous at some loci. Some of these loci would be functionally hemizygous as a result of imprinting by the male parent and some as a result of imprinting by the female parent. Nevertheless, both types of parental imprinting would produce a locus in the offspring at which only one allele is expressed. The existence of functional hemizygosity at some genetic loci as a result of parental imprinting suggests some interesting evolutionary possibilities, because alleles that are imprinted are functionally silent and are effectively removed from selection for the time that they remain imprinted. This would even be true if the imprint was leaky (e.g., 80% expression versus 20%) because the nonimprinted allele would still be the major contributor to the phenotype, leaving the less-expressed imprinted allele free to be altered. In this case a problem would only arise if the imprinted allele was acting as a strong dominant negative such that it may be able to override the nonimprinted allele. If a locus is imprinted by the males, for example, in a sexually reproducing group of organisms, then every individual within that population would carry one active maternally derived allele and one inactive paternally derived allele, i.e., they would be functionally hemizygous. The one active allele would be subject to natural selection, but the second silent allele (not subject to natural selection) would be free to mutate differently in each individual. Although it is not necessary to invoke an increased mutation rate for this to be true, the DNA methylation that has been found to be associated with the inactivation of imprinted alleles in mammals and zebrafish may actually increase the mutation rate of an imprinted allele by approximately four times compared with unmethylated DNA (Duncan 1980) , owing to 5-methylcytosine deamination (Wiebauer et al. 1993 ). This would result in loci that have a high mutation rate at the same time that they are inactive and free to mutate at least at those cytosine nucleotides that are methylated.
In the next generation there would actually be four historically different alleles present (Fig. 1) . Two of these would be of maternal origin and would now be active because the female does not imprint this locus, but only one of these alleles was active in the mother and, consequently, subject to natural selection. The other allele was inactive in the mother, was subject to selection, and could potentially have been altered.
The other two alleles would come from the father and both of these would now be imprinted and inactive. However, one of them was already inactive for one generation and remains inactive for another generation and is free to mutate even further.
In a more simplified form, Fig. 2 illustrates what happens to an imprinted allele over several more generations. In the F 4 generation, 50% of the individuals have an active allele and 50% have an inactive allele (as is the case in every generation). However, the history of each allele is different. Some alleles were never silenced (e.g., individual A) because those alleles were passed continually through a female. Other alleles were never active (e.g., individual P) because they were always passed through a male. Still other alleles were inactive for one, two, or three generations. However, in every generation some previously silent alleles are activated and become subject to natural selection and some previously active alleles become silenced and are free to change. The mutation potential (M) of the allele carried by all individuals in the F 4 generation is shown at the bottom of Fig. 2 . This number represents the maximal number of consecutive generations that the allele was inactive in each individual pedigree (shown by pluses and minuses below the individuals) and, therefore, how much potential they have for being mutated. The numbers are as follows: (i) 1/16 of the individuals in the F 4 generation carry an allele that has been inactive for four generations and, consequently, has the greatest potential for having been changed significantly; (ii) 2/16 carry an allele that has been inactive for three generations with less potential for change (one is presently on and the other is presently off); (iii) 4/16 have an allele that has been inactive for only two generations since the last time it was activated and, therefore, has had less opportunity to be changed; (iv) 8/16 have an allele that has been inactive only one generation at a time before being reactivated and has a very low probability of being changed (one individual, N, initially had the allele silenced for two generations but by the fourth generation, it will only have been inactive for one generation since it was last selectable); (v) 1/16 of the individuals carry an allele that has never been inactivated and was, therefore, always under selective pressure.
As the population increases in size, the proportions of the above numbers will remain constant. One half of the population will always have had the imprinted allele inactivated for only one generation since the last time it was activated. One quarter of the population will have an allele that has been inactive for two generations. One eighth of the population will have had the allele inactive for three generations, and so on. There will only ever be one individual in the population shown in Fig. 2 that has the allele constantly inactive. Figure 3 illustrates what portion of the population has the allele silenced for one through nine generations. This figure shows that only a small portion of the population carries an allele that has been inactive for a significant number of sequential generations. In fact, more than 90% of the population carries an allele that has not been inactive for more than three generations in a row and, consequently, has little probability of being altered.
This imprinting system continuously allows alleles at a locus to move back and forth between an unselectable pool of alleles and a selectable pool (e.g., individuals F and K). The length of time that any one allele stays in the unselectable pool and is free to change is a simple probability and should conform to a positive binomial distribution. Some will stay a long time and could potentially change a great deal and some only a short time with little or no change possible (e.g., individual C compared with individual O in Fig. 2) . Therefore, the alleles that are being reintroduced into the selectable pool may be unaltered in some cases, only mildly altered in other cases, or greatly altered in still others. A further characteristic of this system is that altered alleles that have been reintroduced into the active, selectable pool and accepted by natural selection can be moved back into the nonselectable pool at a later date to attempt even more changes (e.g., individual N).
The above scenario involves just one locus imprinted by a male. The male would actually be imprinting a number of loci. Add to this the fact that the female in the above situation is imprinting a different subset of loci. This would mean that the entire process is also occurring in the opposite way at the same time. The male is passing on activated, maternally imprinted alleles and the female is passing on those alleles in an inactivated state. At the present time it is not clear how many loci are actually imprinted, but in mammals the estimated number of loci involved has been rising steadily for a number of years and now stands at about 200 (Howlett 1994) .
Genomic imprinting, therefore, could provide a significant evolutionary force for genetic change for the minimum of 200 loci that are imprinted in mammals and an unknown number of loci in other organisms. However, its effects may not be limited to just the loci that are presently imprinted. Varmuza (1993) suggested that genes can switch their imprint (from maternal to paternal, or vice versa) or can become imprinted or deimprinted spontaneously. If this suggestion is true, then although not all loci would be imprinted at any one time, virtually all loci would have the potential to become imprinted at some point in the history of a species and, consequently, become subject to this type of enhanced evolution. Fig. 1 . A pedigree is shown in which a hypothetical imprinted locus (or chromosomal region) is represented by a vertical rectangle. In the parental generation, both sexes (circle, female; square, male) carry one active allele (open rectangle) and one inactive allele (solid rectangle). The same alleles as they would be in the gametes are shown under the parents. The female passes both alleles on in an active state and the male in an inactive state. However, in both the male and the female gametes, one of the alleles was inactive in the adult (inactivity in the previous generation is represented by a shaded crossbar). In the F 1 offspring from this cross there are four different genetic combinations. All have one active and one inactive allele. Individual A carries no alleles that have been previously inactive, individual D carries two alleles that have been previously inactive, and individuals B and C each carry one previously inactive allele. However, in individual B, the previously inactive allele has now been activated and becomes selectable (open), whereas in individual C, the previously inactive allele remains inactive (solid).
Evolutionary advantages of imprinting
The question remains as to the benefit of maintaining alleles outside of selection for variable lengths of time. Unlike alleles that have been duplicated, which are also free to mutate in a similar fashion (Li 1985) , these must reenter the selectable pool at some point and in fact will be the only active allele present at that time. The increasing probability of acquiring multiple, probably deleterious, mutations would appear to be counterproductive under these conditions. However, several evolutionary benefits are possible. To begin with, imprinting might facilitate the efficient coevolution of genes that are functionally linked, since the two genes in question could mutate and evolve independently, but changes in one gene could be periodically tested for compatibility with the other gene. Normally, if two gene products interact with each other then one protein cannot change without a corresponding change in the other. This requires the simultaneous evolution of two complementary functions, which would be considerably more difficult to achieve than evolving two noninteracting genes. However, if one or both of the genes involved were imprinted then a population like the one shown in Fig. 3 would exist. Although most of the population would be maintaining the genes as they are (because the alleles they carry have not been inactive for very long) some portion would be carrying alleles at the locus (or loci) that were unselected for a number of generations and could have changed significantly. When the alleles are passed on by the nonimprinting sex then they would be reactivated and natural selection would determine whether the products of the alleles retain their ability to function with the other gene product. Changes that produced a loss of appropriate interactions would be selected against and eliminated from the population. However, only a portion of the offspring of a few individuals would be lost as a result of this change. Other alleles would be retained in the population that are changed in other ways with the result that many different possibilities can be tested while only risking a small portion of the population. If one of these changed alleles (or pairs of alleles) functioned significantly better than before, it would confer a selective advantage and would come to dominate the population. In this way imprinting could greatly increase the functional coevolution of gene groups that cannot change Fig. 2 . A pedigree is shown in which a hypothetical allele is silenced or imprinted by males and activated by females. Circles represent the offspring at each generation, parental to F 4 . Open circles mean the allele is active (i.e., was inherited from a female) and solid circles represent inactive alleles inherited from a male. At each generation, the allele is passed on through a female in an active state (solid line) and through a male in an inactive state (broken line). Listed under the pedigree is the activity of the allele at each generation. This demonstrates that even though 50% of all F 4 offspring have the allele in an active state and 50% in an inactive state, the history of the alleles is different. For example, in individual A the allele has never been off and, therefore, never had a chance to mutate in the absence of selection, whereas individual O has the allele in an active state but it was silent for three generations before that and was free to change. Finally, at the bottom of the figure is the mutability (M), which is the number of consecutive generations that the allele was inactive and could potentially be changed. Ratios indicate that the allele was activated between two inactive periods. One half of the alleles in the fourth generation have either never been inactive or have only been inactive for one generation at a time and have had, consequently, a low probability of change. Five individuals carry alleles that were silent for two consecutive generations (although in the F 4 generation one of those, individual N, carries an allele that has only been inactive once since being active and selectable), two alleles were silenced for three generations, and only one carries an allele that has never been active.
independently of each other without loss of function, such as ligands and their receptors or enzymes and their substrates. It is interesting to note that two of the very few genes that have been identified as being imprinted in mammals are those for a growth factor, Igf2, and its receptor, Igf2r (DeChiara et al. 1991; Barlow et al. 1991) . However, with a sample size of one set this may just be coincidence.
As well as facilitating the coevolution of genes, maintaining some alleles in an inactive, potentially mutable state for extended periods allows for the possibility of the evolution of a new function rather than just slight modification of the old. As discussed above, it also allows for sets of genes to be altered in concert so that necessary interactions between gene products can be maintained. If fitness can be viewed as a rugged landscape, then in evolutionary terms, imprinting may allow a species to make a long jump from one adaptive peak to another without having to move through the less fit valley between the peaks (Kaufmann and Levin 1987) . Because of this, individuals that imprint may actually have a selective advantage over nonimprinters under certain conditions. If, for example, evolutionary bottlenecks tend to occur frequently, possibly as a result of an unstable environment, then a small portion of the imprinting population that carry very changed alleles may be the only individuals that are able to survive, with the result that an imprinting population would be selected for at every bottleneck. Imprinting may also make it easier for a population to move into a new and different environment. If in the early evolution of organisms there were a number of niches available (such as when animals first moved onto land) imprinting may have allowed for significant changes in a number of phenotypic traits simultaneously in a short period of time, thereby allowing the organisms involved to be phenotypically adapted to exploit a completely different environment.
Predictions of the hypothesis
It seems clear that genomic imprinting could act to increase the variability and to effectively increase the efficiency of evolution of an imprinted locus. If the process is acting on a number of loci in both sexes and the loci affected could be changed over time it would provide a powerful force for evolutionary change. Testing these hypotheses, however, would be extremely difficult, since the only alleles that would be significantly changed would, presumably, be those that were inactive for a large number of generations and, therefore, real change at any one locus would still only occur over a considerable length of evolutionary time. However, the identification of more genes that are imprinted and the characterization of the relationships between those genes may lend support to our ideas. One might predict that relationships such as the imprinting of both Igf2 and its receptor would be common. If it is beneficial to imprint the genes expressing interacting gene products to assist their coevolution, then there may be some selection to have those kinds of related genes imprinted.
The degree of polymorphism that one would expect to see associated with imprinted loci is difficult to predict. Although we are suggesting that imprinting would act to increase genetic variability by mutation of silenced loci, it would also tend to decrease variability by eliminating deleterious recessive alleles because imprinting results in a loss of diploid advantage Fig. 3 . The distribution of inactive alleles in the population. The x-axis represents the number of sequential generations that the allele has been inactive and the y-axis represents the percentage of the population that carries such an allele. This graph shows that less than 10% of the population would be carrying an imprinted allele that has been inactive for more than four generations in a row.
at imprinted loci. There is little information concerning most of the genes known to be imprinted, but Snrpn, a gene that is imprinted in mice and humans, appears to show little variability. However, this gene may not be representative because the amino acid sequence of this protein is 100% identical between mice, rats, and humans, which suggests that it is not easy to change this protein without destroying its function (Schmauss et al. 1989; Gerrelli et al. 1991) . Apolipoprotein E (ApoE), on the other hand, is another locus that may be imprinted (Mann et al. 1995) , and this locus is very polymorphic (Utermann et al. 1980) .
Another prediction that can be made about the types of genes that would be imprinted is that variation should exist in which loci are imprinted. If imprinting is required at particular loci for some specific function, then the same loci should be imprinted in all species. In our model even different individuals within a population could show some differences in imprinting and, as long as the male and female do not imprint the same locus, the effect is the same. The possibility that there can be variations in which loci are imprinted leads to the prediction that the degree of variation in imprinted loci should increase as phylogenetic distances increase. In our model there is no requirement for specific loci to be imprinted, and since loci can spontaneously change their imprint, then imprinting differences will approximate evolutionary distances. The longer the time lapse since two organisms shared an ancestor, the greater the probability that the loci that are being imprinted will have changed. This would not be the case if particular loci are required to be imprinted to carry out a specific function.
As of yet, there is too little information on imprinted loci in different animal groups to test this idea, but it is perhaps relevant to note that of the few imprinted loci that have been examined in both mice and humans, one, the Igf2 receptor, is imprinted in mice but is not necessarily imprinted in humans (Kalscheuer et al. 1993; Xu et al. 1993 ). Therefore, of the genes known to be imprinted, one is not imprinted in common between the phylogenetically closely related mammals, the mouse and the human.
To date, no endogenous genes have been identified as being imprinted in the zebrafish or any other fish. On the basis of the senario outlined above there is no absolute reason to assume that any particular genes would be imprinted in these fish, although it seems likely that at least some of the genes imprinted in mammals would also be imprinted in zebrafish.
Concluding remarks
On the basis of our previous findings of an imprinting-like phenomenon in zebrafish and the subsequent reevaluation of established imprinting theories, we present the hypothesis that imprinting is an evolutionary mechanism to increase diversity, speed up the rate of real change, and help the coevolution of genes with related functions, while doing so with little risk to the population as a whole. In any one generation only a small portion of individuals would carry reactivated alleles that have been silenced for enough time to have changed significantly. The potential loss owing to deleteriously altered alleles is small, whereas the potential gain in beneficial changes or allele combinations is large.
The very little experimental data that we do have concerning imprinted genes are consistent with the ideas presented above. However, real supporting evidence will only come from more information on the types of genes that are imprinted, particularly in organisms such as the zebrafish that are more distantly related than humans and mice. Our ideas concerning the evolution of imprinting are different than most in that they do not require any specific loci to be imprinted but allow for significant variation both in the number and the types of loci that are imprinted. This represents a fundamental shift in our approach to the question of the evolution of imprinting, which, in turn, allows us to begin accommodating the often confusing collection of information concerning this phenomenon.
